In a previous report we have described an apparent increase in cellular permeability which begins within a matter of seconds after the irreversible attachment of T1 or T2 bacteriophages to their host cell (1), and have suggested that it may be a reflection of a lyric process initiated by the virus in the cell wall, in the course of penetration of the virus desoxyfibonucleie acid (DNA) (2, 3, 1). The present paper describes further experiments dealing with this reaction; furnishes evidence that the permeability increase is rapidly reversed by a reaction which makes the cells more refractory to leakage than they were originally; and proposes a scheme for the sequence of events constituting the penetration stage of the virus life cycle.
(From the Department of Biophysics, Florence R. Sabin Laboratories, University of Colorado Medical Center, Denver)
(Received for publication, October 8, 1954) In a previous report we have described an apparent increase in cellular permeability which begins within a matter of seconds after the irreversible attachment of T1 or T2 bacteriophages to their host cell (1) , and have suggested that it may be a reflection of a lyric process initiated by the virus in the cell wall, in the course of penetration of the virus desoxyfibonucleie acid (DNA) (2, 3, 1) . The present paper describes further experiments dealing with this reaction; furnishes evidence that the permeability increase is rapidly reversed by a reaction which makes the cells more refractory to leakage than they were originally; and proposes a scheme for the sequence of events constituting the penetration stage of the virus life cycle.
Some of the effects reported in the preceding paper (1) for leakage of total cellular P and S had been found to hold for a substance absorbing ultraviolet light arising from cells infected with T2 virus, in earlier experiments described by Prater (4) . He showed that this liberation of ultraviolet-absorbing substance (a) is not due to lysis of a small fraction of the ceils; (b) is complete within 3 to 4 minutes after cell attachment of the virus, a plateau occurring thereafter until about 10 minutes, after which a second leakage may follow; (¢) is relatively independent of the presence of nutrients; and (d) does not include any cellular DNA or its breakdown products. Our experiments in general showed similar behavior for the P~-and S*5-1abelled fractions released from ceils by T2 action. We demonstrated that cell leakage at first increases with virus multiplicity, then tends toward a plateau which is eventually succeeded by a second rise at sufficiently high multiplicities. T1 also evokes a cell leakage, smMler in extent than that of T2, but resembling it in exhibiting a plateau once all the cells have received an infection at 37°C. We further demonstrated that a small amount of leakage is evoked by "1"2 even at 0°C., though 37 ° is necessary for maximal effectiveness, and that the reaction can be strongly inhibited by 0.025 M Mg ++ which has little effect on the attachment of T2 to its host cell. Prater's interpretation of his experimental results was very different from ours. The fraction which he studied which possessed an absorption spectrum similar to that of RNA and contained pentose rather than desoxypentose, consisted, for the most part, of low molecular weight molecules, rapidly diffusible through cellophane and not sedimented by an hour's centrifugation at 50,000 g. He did not propose that the primary action of the virus involves a general change in cell permeability, but rather, postulated that the leaked material came from a bacterial nucleoprotein "whose function was to control the production of bacterial materials" and which was degraded to low molecular weight materials by the phage. This hypothesis was based on what appeared to be an equivalence between the optical density at 2600 A of the material released from ceils and the DNA of the infecting phage. However, this equivalence is not always found experimentally and is contraindicated by Prater's own observations that DNA-depleted phage ghosts produced by osmotic shock liberate as much or more of the ultraviolet absorbing material than does whole phage. In addition, the demonstration here and in the previous paper of this series, of the variety of materials which leak out of virus-infected cells, which includes both small and large molecular components, leaves little foundation for a theory of specific exchange between virus DNA and cell RNA.
Methods and Materials
Gt.ossA~Y. Average virus multiplicity (m): the virus:cell ratio of a suspension. Lysis-from~vithout: cell destruction without new virus synthesis that occurs when a large excess of a T-even bacteriophage attaches to a host cell (5) . Supt~qnfettitm: A further addition of virus to a suspension of host cells which have previously been infected with the same or a different virus, and have had an incubation at 37°C. for at least 5 to 8 minutes between infections. Virus p~tetrat~nt: All steps between the initial, reversible cell attachment and the initiation of biosynthesis of new viral constituents.
The basic procedures for growing and labelling cells and viruses, for washing of cells and purification of viruses, and for measuring the leakage of radioactive labels from the cells to the medium were essentially the same as those previously described (1) . The titration of $-d-galactosidase was accomplished by the colorimetric procedure described by Lederburg (6) in which solutions containing unknown amounts of enzyme are incubated at 37°C. for a constant period (usually 15 minutes) with a known amount of the substrate, o-nitrophenol galactoside, and the absorption at 400 m/z by the yellow nitrophenol liberated, is measured. The induction of galactosldase formation was accomplished by growth of the bacteria in synthetic medium containing d-galactose as the only source of carbon.
In order t~determine the total amount of any intracellular constituent, the cells were treated with a huge excess of T2 (multiplicity around 100) and incubated for about 5 to 10 minutes at 37°C., at which time the turbid cell suspension became clear. The values for RNA, DNA, acid-soluble P, and galactosldase enzyme found in such lysates were taken to represent the total cell content before lysis. This method has been shown to yield essentially the same values for total galactosldase enzyme as does cell lysis by toluene (7) . In general, lysls-from-without by an excess of T2 liberated approximately 60 to 90 per cent of the cellular p82 in a form non-sedimentable by 10 minutes of centrifugation at 3000 R.v.x*. (PR-1 refrigerated International centrifuge, angle head No. 823).
As described previously (1) determination of RNA and DNA in leaked materials was effected by measurement of the amount of isotope made soluble to 4 per cent trichloroacetie acid (TCA) by the specific, crystalline, hydrolytic enzymes, ribonuclease, (RNA-ase), and desoxyribonuclease, (DNA-ase), respectively. This method involves some uncertainty in the absolute amount of each component present, since RNA-ase, for example, renders only 85 to 90 per cent of most RNA preparations soluble to TCA (8) . However, since this unknown factor should apply equally to material released by leakage and by complete cell lysis, the leakage of each constituent relative to its total amount in the cell can be known without this uncertainty. A typical set of values obtained for the liberation of the various constituents by lysls-from-without of PSZ-labelled or galactosidase-induced cells is as follows: Fraction of total cellular radioactivity liberated into the medium --81.0 per cent. Of this material 31.1 per cent was TCA-soluble, and 69.1 per cent TCA-insoluble. Of the TCAinsoluble fraction, 78.4 per cent was hydrolyzable to TCA-soluble form by crystalline RNAase, and 21.1 per cent by DNA-ase. In addition, when galactosidase-induced cells were employed the TCA-insoluble material contained an amount of galactosidase enzyme such that incubation of a 1:3 dilution with an excess of o-nitrophenol galactoside for 15 minutes at 37°C. caused the development of an optical density at 400 p in the neighborhood of 2.200 cm. -1 .
For most of these experiments, it was desired to insure that all the virus particles would begin their metabolic activities at the same time. Hence, cell attachment was carried out at 0°C., and after a period of 5 to 10 minutes, the suspension was placed in a 37°C. bath. Unless otherwise stated, the cell concentrations in the suspensions employed ranged between (1 to 8) X 10S/cm. s. Attachment is always 90 to 99 per cent complete in 5 to 10 minutes under these conditions, except when salt concentrations different from those which produce maximal attachment rate were employed, as when T1 was used in 0.10 M NaCI or T2 in NaCl concentrations ranging around 0.02 ~ (9, 10). In such cases, the extent of attachment was measured and the value for the actual virus multiplicity determined from this figure rather than from the virus input.
Unless specifically stated to the contrary, the conditions for leakage experiments were chosen to exclude or m~nim~ze the occurrence of lysis-from-without in the T2 experiments and to prevent the normal burst that occurs at the end of the multiplication cycle, with any phage. It was found that the vires multiplicity at which the abortive lysis of T2 occurs varied appreciably in different cell preparations. Fresh cells from an actively growing culture which had not been stored in the refrigerator for as much as 50 hours, were found to have the smallest tendency to be lysed-from-without by T2 virus. However, it was found that practically any culture could be protecte¢~ from this lytic action by the addition of sufficient Mg, as noted previously (3, 11, 12) . It was interesting to find that 0.025 M Mg ++ could prevent this abortive lysis of T2-infected cell suspensions maintained at 37 ° even in the presence of 0.02 M cyanide.
In the present series of experiments, when cells were to be resuspended in saline, they were centrifuged once, and the broth supernatant poured off and replaced by saline. Multiple washing with the new medium was avoided to minimize cell damage that might increase its susceptibility to lysis-from-without. Hence, in these experiments, the cells may still have had available small amounts of nutrient material, and cannot be regarded as completely nutrient-depleted. In general, little difference in behavior was observed between such cells and those suspended in nutrient medium, except for a slightly greater susceptibility of the former to lysis-from-without.
The following control experiment demonstrated that the material leaked from cells as a result of T2 infection is not reabsorbed significantly by other cells in the medium, under conditions of these experiments: A 10-fold excess of unlabelled, uninfected cells was added to a pS2-labelled culture of Esc~rickia coli B previously infected at 0 ° with T2. The suspension was incubated for 8 minutes at 37°C. along with a control tube which received no unlabelled cells. If the unlabelled cells entered into significant exchange processes with the material liberated from infected, labelled cells, the net amount of pS2 in the supematant should be much less in this tube than in one to which no unlabelled cells were added. However, both tubes were found to have the same leakage, within experimental error. RESULTS 
Demonstration That the Leakage Represents a True Increase in Cellular Permeability
The previous experiments (1) do not permit the decision whether the virusinduced liberation of cell constituents is a true leakage of intracellular materials through the membrane, or an unpeeling of surface structures which drop off into the medium, a situation which may obtain in the interaction of viruses
TABLE I

Demonstration of the Rdeaze of Galaaosidase Enzyme from E. coli B after Infection with
T2 Phage E. coli B, grown in galactose-contsining, synthetic medium, was washed and resuspended in saline without nutrients (0.2 ~ NaCI, 10 -4 M Mg ++ and l0 s u PO4 buffer) at 0°C. to a final density of 6.0 X 10S/cm. 8. To one tube of this suspension, "£2 virus was added in a multiplicity of 4; to a second, no virus was added, and to a third a sufficiently large excess of "1"2 was added to cause complete lysis of the cells and thus liberate their total enzyme content. A period of approximately 20 minutes at 2.0°C. was permitted for att~hment to occur; the tubes were then placed in a 37°C. bath for 20 minutes, after which they were immediately chilled again. The suspensions were centrifuged, and the superuatants analyzed for galactosidase activity by spectrophotometric measurement of the intensity of color released after incubation with the substrate, o-nitrophenol galsctoside. like influenza with red blood cells (13) . To discriminate between these alternatives, test was made for the liberation by virus action of galactosidase, an induced enzyme of E. coli which has been demonstrated to be intracellular, and for which a precise method of assay is available (7) . Typical results are presented in Table I . The data indicate that approximately 19 per cent of the total enzyme content which can be released from the cell by complete lysis, is liberated by infection with T2 in low multiplicity. Hence, the conclusion may be drawn that the observed leakage represents a true increase in cell permeability.
Experiments Testing the Relationship of the Leakage Reaction to the Invasive Process
An experiment which would rigorously test whether the reaction provoking leakage of cell constituents is a necessary part of the virus infective cycle has not yet been formulated. However, two kinds of experimental evidence bearing on this question have been obtained :--(a) It would support the concept that the leakage reaction is a reflection of a necessary metabolic step if it were evoked by all the phages of the T-system, since these form four unrelated groups exhibiting no genetic or immunological cross-reaction, and differing markedly in size, shape, and chemical constitution (5) . Hence, it would seem unlikely that all these unrelated forms would exhibit this reaction if it bore no fundamental relationship to the invasive process. The Young cells of E. coli B (4 X 109/cm. 8) labelled with P~ were infected in nutrient broth + 0.10 ,~ NaC1 at 0°C. with each of the phages T3, "£4, T5, T6, and T7, respectively, in multiplicities ranging from 1.3 to 5.9. A control tube with no virus was carried through the same procedure. Mter a 25 minute attachment period, the tubes were transferred to a 37°C. bath for 10 minutes (a time smaller than the latent period of may of these viruses), after which they were returned to the ice bath. The radioactivities of the total suspensions, and of the supernatants obtained after complete removal of the infected cells by centrifugation, were assayed. Table II show that, like T1 and T2, the remaining five phages of the T-system also evoke the leakage reaction from their host. It is noteworthy that T4 and T6, closely related to T2, share its ability to cause a particularly heavy cell leakage.
(b) Another type of experiment tests whether the cell leakage can be evoked by virus attachment to the host cell under conditions in which cell invasion does not occur. It has been shown that in the presence of 0~020 to 0.025 x~ NaC1, T2 attaches to its host cell reversibly, and on dissociation both components can be recovered in viable state (10) . As the concentration of NaCl is increased to 0.10 ~, the rate of the irreversible steps increases progressively. An experiment was carried out measuring the extent of cell leakage as a function of the salt concentration of the reaction mixture. The data are presented in Fig. 1 . They show that no significant leakage occurs at salt concentrations at which virus attachment is non-invasive, and that leakage increases progressively with the Na + concentration.
The distinct difference shown in Fig. 1 , between the behavior of Na + and K + in promoting the leakage reaction, is noteworthy. This specificity is the first example in the T-system bacteriophages of a differential effect exhibited by cations of the main group of alkali metals. A very similar set of curves is
Pa2-labelled ceils of E. co/i B were resuspended to a density of 1.5 X 109/cm?, in an ice bath, in the salt solutions indicated plus 10 -a g PO4 buffer and 10 -4 x¢ Mg++. T2 was added to each tube in a multiplicity of 3 to 4. After approximately 10 minutes of equilibration at 0°C., the cells were transferred to a 37°C. bath for 20 minutes, then again cooled. Measurement revealed that approximately 99 per cent of the virus had become cell-attached in each tube. A set of control tubes, each with salt content like that of one of the test tubes, but with no virus, was given identical treatment. The radioactivity released into the medium of each test and control tube was measured. The release from the control tubes varied from 3.8 per cent at the lowest salt concentration to 5.5 per cent at the highest, but was the same for Na + and K +. The net per cent leakage was obtained by subtracting the leakage in the corresponding control tube from the value for each of the tubes with infected cells.
obtained for the leakage of galactosidase enzyme as a function of the concentration of Na + and K +, respectively.
Effect of Virus Multiplicity on tke Leakage Reaction of T1 and T2 Viruses (a) T2 Infection.-
In the preceding paper (1) it was shown that the leakage of cellular P~, when plotted against the "1"2 infection multiplicity, at first rises until practically all the ceils have become infected, whereupon a plateau occurs. If experiments at still higher multiplicities are performed, eventually a point is reached where a new rise begins. Thereafter leakage continues to increase with multiplicity until lysis-from-without occurs, as judged by the release of practically all of the cell P and optical clearing of the suspension.
It was found that the shape of this curve can be modified considerably, depending upon the treatment of the cells. At one extreme is a curve (type I) exhibiting a pronounced plateau beginning at m = 3 to 4 and remaining more or less flat up to a multiplicity in the neighborhood of 10; the total leakage is always low--not more than 10 to 20 per cent of the cell pS2 in the plateau region; and lysls-from-without does not occur until multiplicities beyond 50 are employed. At the other extreme is a curve (type l'I) exhibiting little or no plateau, a high leakage, throughout, and an early lysis-from-without. Conditions which Those of Curve I were used on the day of their preparation and were incubated at 37°C. for 10 minutes after their infection, while for Curve II, the cells were stored in the refrigerator for 2 days before use, and were incubated for 15 minutes at 37 ° after the infection period. The medium used in both cases was 0.1 M NaCI buffered at pH 7 with 10 ~ m PO4, without nutrients, and in both cases the virus attachment was carried out at 0~C., before the subsequent 37°C. incubation. An example of an even more pronounced plateau than that of Curve I was presented earlier (1).
favor the first type of curve are: fresh cells from an actively growing culture, nutrient medium, and a relatively short period of incubation at 37°C. after the virus infection (10 minutes or less). Conversely, the use of cells which have been stored in the refrigerator for some days, nutrient-free medium, or nutrient broth plus a metabolic inhibitor like 0.005 to 0.05 ~¢ CN-, and longer periods of 37°C. incubation after infection, all tend to produce behavior of the second type. In addition, the temperature of the initial infection has a large effect on these curves, as will be shown in a later section. In Fig. 2 is presented a typical type II curve, and one fairly close to the type I prototype, even though saline medium was used in both cases.
The significance of the presence or absence of the plateau will be considered presently. The series of experiments next to be described involves fractionation weight constituents, less but still definite amounts of TCA-insoluble material, and very little RNA or enzyme. Higher multiplicities result in the appearance of TCA-insoluble materials including RNA and galactosidase enzyme. A typical experiment demonstrating the order of appearance of these components for the curve whose total p3~ is represented by I in Fig. 2 , is shown in Fig. 3 . The following points are noteowrthy: (a) At low multiplicities the slope of the leakage curve for TCA-soluble material is very high, while that for RNA or galactosidase is almost zero, indicating that the rate of liberation of the former greatly exceeds the latter. This conclusion is also borne out by the fact that at a multiplicity of about 24 per cell, 70 per cent of the cellular, acid-soluble phosphorous has escaped, whereas only 10 per cent of the RNA or galactosidase content has been released. (b) With increasing phage multiplicity, the slope for the acid-soluble material decreases, while that for RNA or enzyme increases. At sufficiently high multiplicities, the latter exceed the former, since when lysis-from-without sets in, each curve attains 100 per cent leakage. (c) The curve for acid-insoluble phosphorus lies between the other two curves, as expected, since molecules much smaller than RNA contribute to it. (d) Even at multiplicities as low as 4, leakages of TCA-insoluble pn and galactosidase are distinct; (leakage of RNA may be questionable because of the smaller precision of its analytical procedure in such low concentrations).
In general, the appearance of cellular DNA in the supernatant lags even behind that of RNA as the multiplicity increases. However, the quantity of DNA in these cells is about 1/~th that of the RNA, and since the analytical method employed depends on the difference between TCA-soluble radioactive counts before and after enzyme treatment, the former determination becomes unprecise in multiplicities so low as to liberate less than 20 per cent of the total cellular 1 m, unless much higher cell densities are utilized as was done earlier (1) . The RNA analysis is more reliable, and that of galactosidase enzyme is highly quantitative, the method giving readily reproducible results, even with as little as 0.5 per cent of the cells' total enzyme content. When cell-suspensions like the one represented by Curve II, Fig. 2 , are employed, the same type of progression is observed, but all the events are crowded into a much narrower range of multiplicities.
Experiments of this kind justify two conclusions: (a) With increasing multiplicity of T2 infection, the holes produced in the cell membrane permit the escape of larger molecular species; (b) A mechanism exists by which each T2 virus which attaches to the cell surface initiates a disturbance which spreads over an area greatly exceeding that covered by the attachment organ of the virus, so that several viruses attached simultaneously to the same cell cooperate in producing larger holes than would be realized from single infection. This inference follows from the fact that, especially in the older cells, the rate of increase in hole size sufficient to account for the observed progression in appearance of macromolecular components is too rapid to be accounted for by coincidence of virus attachment at adjacent sites on the cell surface. 1 1 E. ¢oli B can accommodate 350 T2 phage particles simultaneously (14) . Even ignoring the fact that the number of potential attachment sites is probably much greater than this figure, and that geometric relations arising from the location of the virus attachment site at the tip of its tail (15) , would make attachment at two contiguous sites improbable, the following calculation shows that hole production at contiguous sites by adjacent virus particles is inadequate to account for the observed results.
Since the tail is approximately circular in cross-section, each attachment site may have six others tangent to it. If there are 4 viruses per cell, the probability of at least one instance
The leakage reaction of T1 is noteworthy because the salt concentration which permits fastest cell attachment (0.01 u Na + or 5 to 10 X 10 -4 M Ca ++ or Mg ++) causes little cell Ca++ + 10 -4 M phosphate buffer. After a 6 minute attachment period, the tubes were placed in 37°C., and 3 minutes later NaCI was added to one to a final concentration of 0.1 u. 6 minutes later, both tubes were chilled, centrifuged and their supernatants ~n~lyzed for p32. 
Demonstration That T1 Phage Liberates Much Less Macromolecular Constituents from A ppropriatdy Labdled Host Cdls Than 7"2
Both attachment which occurred at 0°C., and the subsequent incubation at 37°C. were in salt solution without nutrients. The T1 attachment took place in 5 X 10 .4 t{ Ca ++ and 0.1 ~ NaC1 was added after 3 minutes of the incubation period at 37°C., which continued for 6 minutes after the salt addition. leakage, even though the attachment so produced is irreversible (9) . However, if infection occurs in 0.1 xr NaCl, or if this amount of NaCI is added at 370C. after an initial attachment in the lower salt concentration, marked leakage occurs though always less than T2 at the (34,3) (336) (329) of contiguity among 4 viruses is 1 --(349) (348) (347) •ffi 10 per cent. Hence, if the making of an enlarged hole requires two or more viruses to occupy adjacent sites, a w~Timum of 10 per cent of the cells infected with a multiplicity of 4 could liberate macromolecules like RNA or galactosidase. If (as is also unlikely) such cells should leak even all of their macromolecular content, no more than 10 per cent at the most of the galactosidase content of the culture could be liberated. Actually, experiments are common (of. Table I ) in which an average multiplicity of 3 to 4 can liberate 20 per cent or more of the cells' galactosidase. A more rigorous calculation, which takes into account the various multiplicity classes present in a population in which the average multiplicity is 4, leads to the same conclusion.
same multiplicity (Table HI) . All the T1 experiments here described were done with 0.10 M NaCI present during the 37 ° incubation.
T1 also liberates macromolecular constituents from its host cell, but in quantities much less than T2. T1 therefore appears to exhibit less tendency for increasing hole size with increasing multiplicity of infection. Data illustrating this behavior are presented in Table IV 
E~ten~e for the F~istence of a Subsequent Reaction Making Cells Resistant to Further Increase in Permeability
In the previous paper of this series (1), two experimental results were presented which suggested that after the initial liberation of cell constituents, a resealing of the cell wall occurs which reduces or eliminates further leakage. The first involved existence of the plateau achieved by the leakage reaction by young, fresh cells infected with 4 or more virus particles. In this plateau region, the failure of additional infecting particles to elicit proportionately increased leakage, under conditions in which only a small proportion of the potentially available material has been liberated, must mean that some "sealing" agency has operated to decrease the effectiveness of each additional phage in promoting leakage. The second type of experiment suggesting a reseating mechanism was the demonstration (1) that the release of cellular materials slows down or stops within 3 to 5 minutes after virus infection of the cell at 37°C.
To test further this concept of a resealing process, the leakage was measured when ceils already infected with T2 were superinfected with the same virus after an incubation period at 37 ° of about 8 minutes, in the hope that the intervention of a sealing mechanism like that proposed might depress the amount of leakage caused by a new, superinfecting virus. Typical experiments are presented in Table V in which it is shown that little or no new leakage occurs when a second homologous virus inoculum is added to cells which have been infected either with T2 or T1 and which have had a 37 ° incubation. Freshly grown cell cultures display almost complete suppression of this second leakage, whereas aged or otherwise metabolically stressed suspensions may exhibit noticeable leakage when superinfected under the conditions described. Hence, it may be concluded that the previous virus treatment has rendered the cell refractory to initiation of a second lytic reaction. By reasoning similar to that employed in the case of the leakage-provoking reaction, it is obvious that the refractory reaction must also constitute a spreading disturbance affecting all or most of the cell surface.
The Effect of the Temperature of 1"2 Attackment on Cell Leakage and on L ysis-F r ora-W itkout
The concept of a refractory reaction spreading over the cell surface and reversing the tendency toward increased cell permeability which represents the initial metabolic action of the virus would demand that when cells are multiply infected with virus in a single episode, the leakage response after a 37°C. incubation will depend upon whether the initial attachment occurred at 37°C. or at 0°C. In the latter case, the leakage should be greater because all of the attached virus would be in a position simultaneously to initiate its permeability-increasing reaction as soon as the infected cells are placed in the 37°C. bath; whereas, if infection occurs at 37°C., those viruses which attach
TABLE V Evidence for Ezistenc¢ of a Sealing Reaction
Typical experiment showing that at 37°C.s superinfection with a homologous virus occurring 6 to 11 minutes after the original infection produces little or no additional cell leakage. Two tubes of E. coli B, labelled with pn and suspended in nutrient broth -I-0.1 ~ NaCI at 37°C., were infected with T2 in a multiplicity of 9. After 11 minutes of incubation the leakage was determined. Then to one tube another T2 inoculum, identical with the first, was added and both tubes incubated for an additional 11 minutes, at which time they were chilled in an ice bath and the cell leakage in each determined. Test revealed that attachment of both the first and second virus inocula was complete. A similar experiment using T1 is presented below. The medium employed was half strength nutrient broth adjusted to a final NaC1 concentration of 0.10 u. T1 adsorbs slowly in this medium, so a multiplicity of around 100 was added in each infection step to insure that every cell bound at least one virus. Measurement of attachment under these conditions revealed that approximately 60 per cent of the inoculum becomes cell-attached. 6-minute incubation periods at 37°C. were employed. With additional infection 10.8 2.9 first will run through the permeability cycle and induce the refractory state by the time the last fraction of the virus has completed its attachment. Hence, these latter particles will be restrained from contributing as they otherwise would to the leakage reaction. Such behavior is, in fact, observed, as illustrated in the data of Table VI , which show that almost twice as much radioisotope leakage occurs if the initial infection takes place at 0°C. Since attachment at 37°C. is approximately 95 to 99 per cent complete within 5 minutes under these conditions, the sealing reaction must be appreciably under way by this time.
Amount of cellular pts leaked
If the initial virus attachment is allowed to take place at 0°C. before the 37°C. incubation, lysis-from-without tends also to occur at much lower multiplicities. In general, the effect of infection temperature may be summarized as follows: With all other factors constant, attachment at 0°C. tends to cause leakage to follow Curve II of Fig. 2 , while 37°C. attachment promotes behavior like Curve I.
TABLE VI
Demonstration of Increased Cellular Leakags from Multiple Virus Infection if the Initial
Attackment Takes Place at g°C., Rather Titan at 37°C Two tubes of E. colg B (P~)(7 X 108/cm. a) were suspended in nutrient broth + 0.1 NaCi: A st 2°C. and B at 37°C., mad infected with T2 in a multiplicity of 5. The refrigerated tube was permitted to stand for 4 minutes to permit attachment, then was given 6 minutes' incubation at 37°C., after which it was returned to the ice bath. The B tube was given 6 minutes incubation at 37°C, and then also cooled. The radioisotope leakage was measured in each tube as wall as in control tubes given treatment identical to that of the corresponding test, except that no virus was added. 
The Effect of Heterologous Superinfection
Since superinfection of a cell with a homologous virus fails to evoke a new leakage reaction, it was of interest to determine the effect of superinfection with a heterologous virus, with a view to learning about the dependence or independence of the leakage systems produced by different viruses. Experiments like those described in Table V were carried out, but with heterologous infection; i.e., T1 and T2 consecutively attaching to the same host. The results, shown in Table VII, reveal that, contrary to the case with homologous infection, successive infection with a heterologous virus always produces a pro, nounced new leakage reaction. Moreover, when the primary infection is with T2, the total leakage is not too different from the sum of that produced when each virus alone attaches to a cell, whereas when T1 precedes T2, the leakage obtained is much greater than the sum of the individual leakages. It seems clear from these data that the sealing reaction called forth by the penetration of one virus will not exclude leakage production by an unrelated virus, and, in fact, may augment it.
Fate of the Superinfecting DNA
If leakage is initiated by the lyric process which provides the hole for injection of the virus DNA, the refractoriness which develops to the lyric reaction of a second virus should prevent its DNA from penetrating to the site inside the cell where it can participate in biosynthetic processes. Hence, this formula-
TABLE VH Experiment Showing That Whereas Superinfection of Previously Infected Cells with a Homologous Virus Causes Little or No New Leakage, a Hettrologous Virus Produces
Extensive New Isotope Liberatlon Tubes containing P~-labelled E. toll B, washed and resuspended in 0.1 ~ NaC1 A-10 -s M PO4 buffer at a density of 2.0 X l0 s cells/cm, s, were infected at 0°C. with either T1 or T2 virus, as shown. Mter a 15 minute attachment period, all tubes were placed in a 37°C. bath for 9 minutes, after which they were returned to the 0°C. bath. A second virus inoculum was added, a 5 minute attachment period at 0°C. provided, and then another 37 ° incubation maintained for 9 minutes. At the end of this time all tubes were plunged into an ice bath, and the per cent of the cellular ps2 which had leaked into the medium, determined. Each T2 addition represented a multiplicity of 4, practically all of which becomes cell-attached under these conditions. Each T1 addition represented a multiplicity of I00, of which only about 25 per cent becomes cell-attached in the course of the experiment. tion would propose the sealing reaction as the mechanism responsible for mutual exclusion of a homologous, superinfecting virus, the phenomenon in which such a virus, although capable of irreversible attachment to its host, is not able to reproduce within it (16). Graham and his coworkers (17) have shown that such virus does not transfer any of its DNA phosphorous to the viral progeny of such a multiply infected cell, a fact in keeping with the possibility that the site of the block lies in failure of the penetration reaction.
Graham also demonstrated that, at least in tryptose phosphate broth, approximately 40 per cent of the superinfecting virus DNA is spontaneously liberated from the cells into the medium, in the form of small molecular weight moieties. However, as he pointed out, this observation by itself does not prove failure of the penetration process, since the amount of DNA remaining unac-counted for is more than that which is usually transferred by an infecting virus to its progeny. In order to test this hypothesis, an experiment was designed to determine whether the physical state in or on the cell, of DNA from superinfecting, homologous virus is demonstrably different from that of the primary, infecting virus. If the superinfecting virus has really not completed the penetration process, it might be readily removed from the surface cell layers by gentle agitation in dilute buffer. /era. 8) suspended in nutrient broth + 0.10 xt NaCI was placed in two tubes at 37"C. One tube was infected with T2 at a multiplicity of 7. 8 minutes later both tubes were infected with PS2-labelled T2, in a multiplicity of 0.25. After a further 37"C. incubation for 7 minutes, both tubes were plunged into an ice bath, centrifuged, and the supematants removed. 70 per cent of the initial radioactivity remained cell-attached in each tube. The precipitated ceils were washed once in the same medium (nutrient broth -t-NaCl) by gently shaking them for 30 minutes in a cold room. After a second eentrifugatlon they were resuspended in 10 s K PO4 buffer at 0*C. They were kept without further shaking for 1 hour at 0", then at 37"C. for 10 minutes. The suspensions were again centrifuged and the supernatants analyzed for their P~ content. Experiments were carried out in which radioactive T2 (Pn) was added to virgin cells and to cells which had been previously infected with non-radioactive T2. Both were incubated in nutrient medium for 6 minutes. The amount of radioactivity remaining in the original supernatant plus that extractable from the cells by dilute buffer was measured in each case. The data of a typical experiment are presented in Table VIII . It is apparent that on extraction with dilute buffer, practically all of the cell-attached radioactivity is released from those cells which had received a previous infection with non-radioactive virus; whereas cells not previously infected retained a large portion of their DNA. This marked difference in behavior justifies the conclusion that the DNA of superinfecting, homologous virus does not complete the penetration process into the cell.
Amount of the initially cell-attached
It was of interest in connection with these experiments to determine the reason for the rather large amount of virus pr2 which remains in the original supernatant when labelled T2 attaches to its host cell. It was found that the amount of this apparently non-attaching radioactivity may vary from 10 to 38 per cent, even when the virus attaches to cells which have not been previously infected. Since in all these cases 95 to 99 per cent of the plaqueforming particles attach to host cells, the reason for such a large proportion of apparently inert P is difficult to understand, in view of the expected efftciency of the purification procedure which involves three alternate cycles of high and low speed centrffugation. In analysis of a typical experiment of this kind in which both fresh and previously infected toll B was infected with T2 (psi) (m ffi 0.9) at 37°C. for 10 minutes in tryptose phosphate broth, the following distribution of radioactivity in the original supernatant was obtained: (Original virus radioactivity = 100 per cent.) 
Per Cent of Origina~ Virus Radioactlv~y in Superna~nt
28.4
Thus, in the case of the virgin cells, at least ~ *= 74 per cent of the radioactivity in the supernatant has indeed reacted with the cells, since the original virus preparation contains negligible quantities of pas which is soluble in TCA either before or after treatment with DNA-ase. (The actual amount of virus phosphorus changed as a result of cell interaction may be even higher, since the DNA-ase enzyme does not solub'flize more than 70 to 90 per cent of virus DNA, even after it has been split (18) . It may therefore be concluded that these radioactive preparations are indeed pure, and that at least 90 per cent of the pr~ has initially attached to the cells, and of this amount 23.7 per cent has been released to the medium as split and hydrolyzed fragments, and 4.7 per cent has been split but not hydrolyr~. This figure for hydrolyz~d DNA is considerably higher than that which Graham found in his experiments with virgin cells, although the even greater values of the split and hydrolyzed pS~ fractions in the case of superinfected cells bears out his general results (17) . Experiments like this suggest that as much as 38 per cent of the virus DNA may be expendable in replication, at least after the end of the penetration period.
E$~t of Mg++
We have earlier shown that Mg ++ suppresses lysis-fr0m-without by T2 virus (3, 11) and greatly diminishes the cell leakage of the penetration period (1) . The mechanism of action of this effect of Mg ++ is of interest. Presumably, a depression of leakage could be effected in any of three ways: (a) by preventing the initial lytic reaction at the site of the virus attachment; (b) by preventing or decreasing the first reaction which spreads over the cell surface as a result of the primary infection, or (c) by stimulating the subsequent sealing reaction to occur more rapidly and completely, so as to decrease the time during which leakage can occur. If Mg ++ operates by the first path, and if this lytic reaction indeed furnishes the means for DNA injection through the cell membrane, the presence of Mg ++ should prevent cell penetration by T2 virus DNA. Two types of experiments carried out to test this possibility 
into E. coli B as Evidenced by the Production of a Burst of Virus Multiplication
A young culture of E. coli B (4 X 10'/croP) suspended in nutrient broth q-0.10 u NaCI was placed in each of 2 tubes at 37"C. To one MgCh was added to a concentration of 0.025 M. Both tubes were then infected with T2 in a multiplicity of 0.4. After 10 minutes, s sample from each was diluted 1:104 at constant temperature and medium composition, to decrease the cell concentration sufficiently so that newly formed virus would not be lost by reattachment to cells. At the times indicated samples were withdrawn and titrated for their virus content. It is evident that the liberation of new, free virus followed a similar course in both tubes. The normal latent period for T2 in broth is 21 minutes (5). 
TABLE X Demonstration That 0.02 u Mg++ Added to E. ¢oli B Cells in Nutrient Broth Does Not Pre~oa the Exclusion of Superinfecting Tgh by a Primary Infection With 7"2
A young coli B culture, centrifuged and concentrated to a density of 4 × 10 s was suspended in nutrient broth + 0.5 per cent NaC1, and in the same medium with added Mg ++ to a concentration of 0.02 m The tubes were incubated at 37"C. for 3 minutes, and then T2 phage added to each in a multiplicity of 3 to 4. After a 9 minute incubation period, T2h was added to each in a multiplicity of 10 ~ and another 5 minute incubation period provided. A set of two control tubes which received no initial infection with T2, but were otherwise identical with those of the test, was carried through the same procedures. After the final incubation, all the tubes were chilled, and an aliquot from each plated on E. coli B/2, a mutant which produces plaques only with T2h but not with T2 (5). The data indicate that a concentration of Mg ++ which almost completely suppresses ceU leakage, has little effect in preventing an initial virus infection from excluding a subsequent homologous infection.
failed to demonstrate any action of Mg "~ in preventing virus penetration. In one experiment, detailed in Table IX , the presence of 0.025 M Mg ++ during attachment, growth, or both, failed to prevent appearance of a normal burst in a one-step growth experiment. Apparently, then, though Mg ++ prevents lysis-from-without, it does not prevent the normal lysis of virus-infected cells at the end of the latent period. In another experiment, shown in Table X , the presence of Mg ~ failed to prevent T2 penetration, as judged by its ability to exclude the entry of a superinfecting T2h virus (5) . It may, therefore, be concluded that, if the leakage is really a reflection of processes normally associated with DNA injection, the action of Mg ++ in suppressing leakage lies in its effect either in depressing the secondary spread of a leakage-sensitizing reaction or in stimulating the resealing mechanism, both of which would have to occur after penetration of the virus.
DISCUSSION
The experiments here reported demonstrate that a bacteriophage initiates a cycle of permeability changes in the cell wall during the period immediately following attachment to its host. The existence of this alternating cycle of increasing permeability followed by a refractory phase which spreads over the cell surface, throws light on a number of hitherto obscure aspects of the virusinvasive cycle.
(a) Tke Leakage Reaction and Lysis-from-Without.--The ability to produce abortive cell lysis, displayed under appropriate conditions by some but not all bacteriophages has been difficult to understand. Three alternatives are possible: it might be completely irrelevant to the normal mechanisms of virus invasion and reproduction; it might reflect an error induced by the unphysiological conditions, in the timing of the mechanism by which celt lysis is ordinarily evoked on completion of the virus reproductive cycle; or, as we have suggested, it may represent the unchecked spread of the initial lytic mechanism by which the virus produces a hole for injection of its DNA through the cell wall. The following facts appear pertinent in evaluating its role :--1. Neither lysis-from-without nor the leakage reaction can occur in 0.025 NaC1 which permits only reversible attachment of T2 to its host. Both processes occur readily in 0.10 M NaC1. Similarly, a temperature of 37°C. is needed to permit both processes to go to completion (3, 11).
2. Divalent cations like Mg ++ in a concentration of 0.025 M, which we have shown suppress lysis-from-without (3, 11) , also suppress leakage reaction in normal infection.
3. Under identical conditions of infection, both reactions proceed more extensively if the initial virus attachment occurs at 0°C. Other conditions which have previously been shown to potentiate lysis-from-without, like the presence of CN-and the use of stored cells, cause increased leakage under conditions insufficient to produce total cell lysis. 4 . With increasing multiplicity of infection, an apparent increase in hole size is produced by T2 virus in the cell membrane even before lysis-from-without occurs. It would appear then that the leakage process merges into that called lysis-from-without as the hole size increases.
5. Particularly striking is the complete parallelism between the failure of a second T2 infection coming 8 minutes after a previous one to evoke a new leakage reaction and the refractoriness to lysis-from-without by a superinfecting phage, which has been demonstrated by Visconti (19) to develop in infected cells under the same conditions.
On the basis of these parallelisms, it seems justifiable to conclude that lysisfrom-without represents an unphysiological extension of the reaction responsible for leakage which occurs during the penetration of the T-system bacteriophages and which is normally terminated by the sealing reaction. Anything which interferes with the operation of this sealing reaction will increase leakage and may lead to lysis-from-without. Thus, it has been demonstrated (5) that cells deprived of energy by depletion of nutrients, or, better still, by treatment with CN-or dinitrophenol display lysis-from-without when infected with only one or a few T2 particles, (5) whereas in nutrient media, a multiplicity of 100 or more may be required. From this fact the conclusion appears warranted that the sealing reaction which stops the spread of lysis requires operation of the cell's energy-supplying system, whereas the lytic reaction responsible for leakage does not.
The concept of these two opposing reactions affecting cellular permeability which are called into play in the early part of the virus invasive cycle furnishes an explanation for the great variability exhibited in different experiments, by the extent of plaque loss which occurs through lysis-from-without, a phenomenon which has been remarked by a number of investigators. Since the average hole size depends on a balance between two opposing reactions, its exact magnitude would easily be highly sensitive to small changes in the conditions governing the magnitude of either.
Since, in a nutritionally adequate medium, lysis occurs only with an infection multiplicity approaching 100 or more, it would appear that with sufficiently high multiplicity, the lytic stimulus can overcome the subsequent sealing tendency. Stimulation to lysis appears to increase monotonically with the multiplicity, while the effectiveness of the sealing reaction ultimately reaches a plateau. Visconti's demonstration (19) that successful cell penetration by a superinfecting, homologous virus can be effected if a multiplicity of about 1000 is used in the superinfection step supports the view that the sealing effect of a previously attached virus can be overcome by a sufficiently high multiplicity of superinfecfion. (1, 4) . The point at which the DNA injection occurs is identifiable by presumptive evidence only: The virus DNA appears to need a hole in the cell wall to effect its entry, which calls for a lytic action at the site of the virus attachment. The leakage reaction appears to result, at least in large part, from the tendency toward lysis which rapidly travels over the cell wall, since 0.025 ~ Mg ++ can strongly diminish T2 leakage without impeding penetration. The subsequent reseailng reaction which is called into piay apparently closes the original hole, because the leakage declines or ceases within a few minutes. It also initiates a spreading disturbance which renders the whole cell wall refractory to a new lytic stimulus. This rdractoriness prevents lysis of a hole for injection of a single DNA by a superinfecting virus, and so would appear to be responsible for mutual exclusion of homologous, superinfecting virus; by the same token, a superinfecting virus cannot produce a new leakage reaction; and similarly, since the cycle cannot be initiated, the cell cannot now be lysed from without by a huge excess of superinfecting virus as Visconti found (although a sufficient excess of superinfection may sufficiently turn the tide to permit the injection d one new DNA). Thus, homologous, mutual exclusion can be explained in terms of this lysis refractory state. The general time relationship of the sealing reaction, as well as its dependence on intactness of energy-liberating metabolic reactions, corresponds completely with the requirements for the reaction responsible for homologous, mutual exclusion, as delineated by Graham's (17) and Dulbecco's studies (16) .
By this picture, the penetration process of T2 would encompass the following steps, after the initial, reversible attachment of the virus to its host: (a) splitring of the virus into its protein and DNA moieties; (b) lysis of a local hole in the cell wall; (c) injection of the virus DNA through this hole; (d) spread of a lysis-potentiating impulse over the cell wall; (e) a sealing reaction which closes up the hole and starts (3") another spreading reaction which eventually renders the entire cell wall refractory to a further lyric stimulus of the same kind. The exact order of these steps is not certain and step(d) at least would appear to be inessential to successful penetration, on the basis of the experiments with Mg.
Graham and his colleagues (17) found that approximately half of the DNA of superinfecting virus reappears in the medium within a few minutes after infection in the form of low molecular weight moieties. At first he attempted to ascribe to this hydrolytic reaction the basis for mutual exclusion of homologous viruses, by assuming that the first virus to enter the cell causes mobilization d hydrolytic enzymes which break down the DNA of a new virus before it can reach its target site within the ceil. Graham abandoned this hypothesis when he found that cells in which the breakdown of superinfecting DNA is completely suppressed still prevented successful invasion by a superinfecting virus (17) . We propose retention of Graham's general picture, with the modification that the actual block to penetration would consist in the refractoriness of one of the cell surface layers to initiation of the lytic action of the superinfecting virus. Unable to penetrate within the cell, its DNA would then be broken down by hydrolytic enzymes. These may either be normally present in the outer layers of the cell, or may, indeed, be activated by the effects of the initial invasion, as Graham suggested, and as would appear to be supported by the observations of Kozloff (20) . The formal resemblance between the exclusion reaction of the infected cell for an homologous phage and that of an egg already fertilized for a new sperm has often been remarked. The existence in both cases of a reaction induced by the first entering body which renders the cell membrane impervious to the lytic stimulus of a second, makes the analogy even more meaningful.
(c) Mutual Exclusion of Unrelated Viruses--Depressor Effect.--A number of experiments, most notably those of Weigle and Delbrtick (21) , who showed that a superinfecting phage can exclude a prophage previously induced to the vegetative state within a cell, make it clear that a mechanical-chemical barrier of the kind here discussed is not a sufficient basis for explanation of the exclusion phenomenon between unrelated phages. This conclusion, too, is suggested by the results of the present study in which it was shown that a cell in which T2 virus had already induced the sealing phase, does not offer a barrier to the leakage reaction of a subsequently attaching T1 and v/ce versa. Hence, this kind of exclusion process appears to demand some other mechanism than blocking of penetration. However, the present experiments offer a new possible basis for explanation of the depressor effect (5) which, in the case of multiple heterologous infection, acts to reduce very greatly the yield of that virus of the pair which actually reproduces in the cell. The data of Table VII reveal that, as a result of such multiple infection of the cell by two unrelated viruses, as much as 40 per cent of the cellular 1 m may escape into the medium. The leakage of so huge an amount of cellular material may well be responsible for the lower yield of that virus which is able to capture the cellular synthetic apparatus.
(d) Differences in Penetration Mechanisms between 2"1 and T2.--That viruses like T1 and T2 utilize different sites for attachment to the host cell has been indicated by the existence of mutants like B/l, 5 and B/2, specifically resistant to attachment by T1 and T2, respectively (9) , and by Weidel's experiments in which the bacterial debris from T1 and T2 lysates were able to attach the heterologous virus (22) . That differences exist in the penetration sites of these two viruses is evident from the existence of the cell mutant, B/l, t, to which both T1 and T2 attach in normal fashion, but into which only the latter can penetrate (10) . The experiments here described confirm this by showing that the lyric and resealing mechanisms activated by T1 and T2 are independent. It would appear that the regulation of cellular permeability may involve several complex and possibly independent networks covering the cell surface.
The difference observed in the behavior of T1 and T2, whereby the holes produced by the latter increase much more in size with increasing virus multiplicity, may be due either to a particularly prompt and effective rescaling mechanism operating in the case of T1 phage, or to a fundamental limitation in size of the individual areas sensitive to T1 lysis. Thus, these latter may form small, isolated islands embedded in the cell matrix, while the T2 attachment and penetration areas may form contiguous zones. Weidel has suggested such a structure on the basis of the appearance of the membranes resulting from lysis by the two phages (22) . (14) demonstrated that x-ray inactivated T2 which cannot reproduce, is more active than normal phage in producing lysis-from-without. Prater (4) has shown that DNA-free phage coats produced by osmotic shock can cause even more leakage than whole virus. Herriott (23) and his coworkers have demonstrated that phage coats can produce lysis-from-without. More recently they have reported that this can be prevented by divalent cations, as we have shown to be the case with both the leakage reaction and lysis-from-without produced by normal T2. These observations lend themselves to explanation by means of the picture here proposed, if it be assumed that in every case, the damaged or incomplete phage has been unable to complete the sealing phase of the permeability-changing cycle. We have reported elsewhere (11, 2, 3) the interesting observation that polyamino compounds appear able to trigger a lytic reaction in E. co/i that closely resembles lysis-from-without, and that divalent cations inhibit this action just as they do that induced by T2 virus. This fact is of especial interest in view of the demonstration that viral amino groups are involved in the attachment of T2 to its host (24) .
Weidel (25) and more recently Burrington and Kozloff (26) have shown that T2 can cause at least partial lysis of empty membranes of the host cell. The data of the latter investigators suggest that the amount of cell wall solubilized is directly proportional to the T2 multiplicity. If the quantitative measurements are good enough to justify the conclusion that no increase in hole size occurs in the isolated membranes, one can conclude that the elements responsible for the spreading lytic reaction are physically separable from the rest of the cell membrane.
The experiments here presented have dealt mostly with the T2 penetration system. Further details of that of T1 will be described later.
The cyclic changes in cell permeability associated with virus invasion recall the phenomena which accompany depolarization of resting cell potentials in Nite//a and the squid giant axon (27) . In both cases an electrostatic stimulus can initiate the cycle; a spreading, cyclic permeability change spreads over the cell membrane; energy derived from metabolic reactions is required; and Mg ++ acts to inhibit the permeability increase. It is of interest to speculate that a basic cell surface mechanism may be involved in such diverse actions as virus penetration of a cell, sperm entrance in an egg, and the passage of an excitation wave over a nerve cell.
SUMMARY
The virus-induced leakage of host-cell constituents represents a true increase in cellular permeability rather than an unpeeling of cell surface components, since an intracellular enzyme participates in the leakage.
All of the T-system bacteriophages exhibit this leakage. The leakage does not occur with salt concentrations which permit only reversible virus-ceU attachment but no penetration. These facts support the idea that the reaction underlying cell leakage is a part of the invasive mechanism.
With increasing multiplicity of T2 infection of young, fresh Escherichia cdi B cells, progressively larger molecules leak out of the cell. Acid-soluble pa2 appears in large amounts with Single infection. Appreciable amounts of galactosidase enzyme and RhTA do not leak until multiplicities of 5 to 30 are attained. Cellular DNA is not liberated unless sufficiently high multiplicities are used to cause the extensive cell destruction and clearing of the suspension characteristic of lysis-from-without. This progression is interpreted as an increase with T2 multiplicity in the maximum hole size produced in the cell membrane.
Calculation shows that this increase in hole size must result from a spreading change in the character of the cell wall, rather than the coincidental juxtaposition of 2 or more viruses at adjacent attachment sites.
T1 virus liberates less macromolecular constituents than T2 from E. coli B.
The following experimental results constitute evidence that in the course of normal virus infection, a resealing reaction is rapidly instituted in the cell wall which reverses the effect of the original permeability increase, and renders the cell refractory to a second lytic reaction by a homologous virus: (a) Cell leakage induced by T2 virus in the course of normal infection markedly slows down or stops within a few minutes, even when only a small fraction of the material potentially available for leakage has been released. (b) Superinfection after 8 minutes at 37°C., of a cell previously infected with a homologous virus causes little or no appearance of a second leakage of cell constituents. This experiment also leads to the conclusion that the sealing reaction, like that which causes the leakage, also involves a disturbance which spreads over all or most of the cell wall. (c) If a multiple virus infection is allowed to occur at 0°C. and then the cells are placed in a 37°C. bath after completion of attachment, a much greater cell leakage results than if the entire course had occurred at 37°C., as would be expected if a resealing reaction comes into play at 37°C. within a time less than that required by the completion of attachment. The virus particles attaching secondarily at 37°C. are prevented from exercising their permeability-increasing effect by the sealing reaction of the virus which had penetrated first.
Although a second homologous cell infection with T1 or T2 phages after a 37°C. incubation fails to yield a second leakage, a second heterologous infection always causes exacerbation of new leakage, which, especially if T1 has preceded T2, may be much greater than the sum of those produced individually by each virus in separate cell suspensions. This phenomenon may be the action responsible for the "depressor" effect which occurs when 2 unrelated viruses attack the same cell.
The properties of the sealing phenomenon are such as to make it appear a logical candidate for the mechanism underlying the exclusion of a superinfecting phage from participating in reproductive processes in a cell previously infected with a homologous virus, since the DNA of the second virus would be unable to penetrate the new barrier. Experiments to test this hypothesis revealed that the DNA from such superinfecting virus is completely extractable from cells by washing in dilute buffer, whereas about 40 to 50 per cent of the attached DNA of virus which has invaded virgin cells remains bound to the cells.
Most of the viral DNA which appears in the original supematant when Pn-labelled T2 invades E. coli B in a multiplicity less than one, does not represent inert material but rather virus DNA which has been split, or split and hydrolyzed as a result of its interaction with the cells, as judged by the altered susceptibility to hydrolytic enzyme or to TCA precipitation. This suggests that 25 per cent or more of the virus DNA may be expendable, at least after the penetration stage of the infection cycle.
Mg ++ which strongly depresses the amount of cell leakage attending T2 infection, does not prevent T2 penetration nor does it block the appearance of the exclusion reaction. Hence, if the initial leakage does mirror the lytic process by which a hole for the DNA injection is provided, the Mg +d" does not function by preventing this hole formation. Its effect would have to lie in prevention of the spreading lysis-potentiating reaction or in augmenting the sealing mechanism.
A large number of independent lines of evidence indicate that the phenomenon of lysis-from-without exhibited by the T-even coliphages is the result of failure of the sealing mechanism to keep pace with the lytic reaction. This can result from an excess of infecting phages or inhibition of the cellular energy-liberating reaction required by the sealing mechanism. The complete paralldism between the development of refractoriness to lysis-from-without and development of refractoriness to the production of a new leakage from a homologous superinfection is especially convincing in this connection.
